International Journal of Nanomedicine 



Q Open 



Access Full Text Article 



Dovepress 

open access to scientific and medical research 

ORIGINAL RESEARCH 



Osteogenic activity of titanium surfaces 
with nanonetwork structures 



This article was published in the following Dove Press journal: 
International Journal of Nanomedicine 
5 April 2014 

Number of times this article has been viewed 



Helln Xing''2 
Satoshi Komasa^ 
Yoichiro Taguchi'' 
Tohru Sekino^ 
Joji Okazaki^ 

'Department of Prosthetic Dentistry, 
School of Stomatology, The Fourth 
Military Medical University, Xi'an, 
People's Republic of China; ^Graduate 
School of Dentistry (Removable 
Prosthodontics and Occlusion), 
^Department of Removable 
Prosthodontics and Occlusion, 
""Department of Periodontology, 
Osaka Dental University, 
Hirakata, Osaka, Japan; ^Institute 
of Multidisciplinary Research 
for Advanced Materials, Tohoku 
University, Aoba-ku, Sendai, Japan 



Correspondence: Helin Xing 
Graduate School of Dentistry 
(Removable Prosthodontics and 
Occlusion), Osaka Dental University, 
8-1 Kuzuhahanazonocho, Hirakata, 
Osaka 573-1 1 2 1, Japan 
Tel +81 72 864 3084 
Fax +8 1 72 864 3184 
Email xing-h@cc.osaka-dent.ac.jp 



Background: Titanium surfaces play an important role in affecting osseointegration of dental 
implants. Previous studies have shown that the titania nanotube promotes osseointegration 
by enhancing osteogenic differentiation. Only relatively recently have the effects of titanium 
surfaces with other nanostructures on osteogenic differentiation been investigated. 
Methods: In this study, we used NaOH solutions with concentrations of 2.5, 5.0, 7.5, 10.0, 
and 12.5 M to develop a simple and useful titanium surface modification that introduces the 
nanonetwork structures with titania nanosheet (TNS) nanofeatures to the surface of titanium 
disks. The effects of such a modified nanonetwork structure, with different alkaline concentra- 
tions on the osteogenic differentiation of rat bone marrow mesenchymal stem cells (BMMSCs), 
were evaluated. 

Results: The nanonetwork structures with TNS nanofeatures induced by alkali etching mark- 
edly enhanced BMMSC fiinctions of cell adhesion and osteogenesis-related gene expression, 
and other cell behaviors such as proliferation, alkaline phosphatase activity, extracellular matrix 
deposition, and mineralization were also significantly increased. These effects were most pro- 
nounced when the concentration of NaOH was 10.0 M. 

Conclusion: The results suggest that nanonetwork structures with TNS nanofeatures improved 
BMMSC proliferation and induced BMMSC osteogenic differentiation. In addition, the sur- 
faces formed with 10.0 M NaOH suggest the potential to improve the clinical performance of 
dental implants. 

Keywords: nanotopography, osseointegration, surface modification, bone marrow mesenchy- 
mal stem cells 

Introduction 

Titanium and its alloys have been widely used as endosseous dental implant 
materials in the past decade because of their mechanical strength, stability, and good 
biocompatibihty.'-^ Implant surfaces play an important role in affecting osseointegra- 
tion.'"'' Many studies have focused on the osseointegration process, and it is now 
described at both the histological and cellular levels. Previous work has shown that 
surface characteristics such as roughness,'"' wettability,'"""' and surface structures'^"" 
significantly influence cell differentiation and, as a consequence, osseointegration." '* 
Bone marrow mesenchymal stem cells (BMMSCs) are multipotent stem cells and 
represent a particularly attractive source for tissue engineering. BMMSCs are the first 
cells to colonize the biomaterial surface after implantation and are associated with 
osteogenic differentiation capacity. BMMSCs have been used in numerous studies as 
a source of osteogenic cells for bone repair. 
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Several investigations have implied that the implant 
surface, the nanoscale topographic control of cell behav- 
ior, or the combination of nanofeatures can improve the 
osseointegration process^'"^' and influence differentiation 
of BMMSCs into osteoblasts. There are numerous ways 
that the implant surface can be modified to have nanoscale 
features added to these surfaces in combination. The most 
common are chemical processes such as alkaline hydrother- 
jjj^po,24,25 gj. ^^.^^6,15,17,22 Qxldation on titanium surfaces to 

create different nanoscale topographies. Among the common 
surface nanotopographies, the titania nanotube has drawn 
much attention. The materials can be fabricated easily by 
simple and economic anodizing, and the nanotube dimen- 
sions can be precisely controlled. Recently, other 
nanofeatures have emerged as a new class of nanoscales 
because of their physical and chemical properties. Because 
of some advantages such as appropriate crystallization 
temperature, environmental friendliness, controllability of 
reaction conditions, low energy consumption, and low cost, 
the hydrothermal method has been considered a suitable 
synthetic route. However, relatively few studies have 
examined the in vitro bioactivity of a titanium surface with 
these nanofeatures. 

We recently reported that treatment of titanium speci- 
mens in 10 M aqueous NaOH solution and atmospheric 
pressure for 24 hours yielded titania nanosheet (TNS).^" 
The nanotopography of nanonetwork structures with TNS 
nanofeatures is affected by temperature, treatment time, 
and alkaline concentration.^"""" The objectives of the 
present study were twofold: first, we aimed to investigate 
the changes in TNS, such as roughness, wettability, and 
surface structure induced by various alkaline concentra- 
tions (2.5, 5.0, 7.5, 10.0, and 12.5 M), and second, we 
aimed to evaluate the influence of such modified nanon- 
etwork structures with TNS nanofeatures, with different 
alkaline concentrations, on the osteogenic differentiation 
of rat BMMSCs. To the best of our knowledge, this is the 
first study to evaluate the effects of titanium surfaces with 
nanonetwork structures formed by various alkali concen- 
trations at room temperature on osteogenic differentiation. 
We investigated the effect of various conditions on the 
nanonetwork structures with TNS nanofeatures. We also 
investigated the changes in the surfaces over time. We hope 
these results will be useful and significant references for 
determining the mesenchymal stem cell-nanostructure 
relationship and the design of endosseous dental implant 
surfaces. 



Materials and methods 

Specimen preparation 

Titanium disks (15 mm in diameter and 1 mm thick) of 
grade 2 commercially pure titanium were prepared by 
machining (Daido Steel, Osaka, Japan). After ultrasonic 
cleaning, these disks were immersed in aqueous NaOH solu- 
tions predominantly dissolves only in water with concentra- 
tions of 2.5, 5.0, 7.5, 10.0, and 12.5 M and placed in an oil 
bath maintained at 30°C for 24 hours. Unprocessed titanium 
disks were used as controls. The solution in each flask was 
replaced with ion exchange water (200 mL), and this proce- 
dure was repeated until the solution reached a conductivity of 
5 jiS/cm. The specimens were then dried at room temperature. 
The specimens were named control (CON), 2.5 M, 5.0 M, 
7.5 M, 10.0 M, and 12.5 M for the experiments. 

Surface characterization 

The surface of the specimens was examined by scanning 
electron microscopy (SEM) (S-4800; Hitachi, Tokyo, Japan) 
and atomic force microscopy (AFM) (SPM-9600; Shimadzu 
Tokyo, Japan). Contact angle measurements were carried 
out by a video contact angle measurement system model 
VSA 2500 XE (AST Products, Tokyo, Japan) at room 
temperature. Ultrapure water was used in the contact angle 
measurements. 

Protein adsorption assay 

Bovine serum albumin, fraction V (Thermo Fisher Scientific, 
Waltham, MA, USA), was used as a model protein. Three 
hundred microliters of protein solution (1 mg/mL protein in 
saline) was pipetted onto each specimen. After incubation 
for 1, 3, 6, and 24 hours at 37°C, nonadherent proteins were 
removed and mixed with bicinchoninic acid (Thermo Fisher 
Scientific) at 37°C for 1 hour. The amount of the removed 
albumin, as well as the total amount of albumin inoculated, 
was quantified using a microplate reader at 562 run. The rate 
of albumin adsorption was calculated as the percentage of 
albumin adsorbed to specimens relative to the total amount. 

Cell culture 

The animal experiments were conducted in accordance with 
the Guidelines for Animal Experimentation of Osaka Dental 
University (approval 13-02039). The rat BMMSCs were 
obtained from the femurs of 8-week-old Sprague Dawley rats. 
BMMSCs were maintained in growth medium containing 
minimal essential medium (NacalaiTesque Inc., Tokyo, Japan), 
10% fetal bovine serum (FBS; Nacalai Tesque Inc.), and 
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antibiotic-antimycotic mixed stock solution (Nacalai Tesque 
Inc.) and cultured in a humidified atmosphere with 5% CO^ at 
37°C. After 3 days, the medium was replaced with the nonad- 
herent cells removed, and thereafter the medium was changed 
every 3 days. When the culture grew to about 80% confluence, 
the BMMSCs were trypsinized, using 0.5 g/L trypsin and 0.53 
mmol/L ethylenediaminetetraacetic acid (Nacalai Tesque Inc.), 
and were seeded on specimens at a density of 4 x 10" cells/ 
cm^. The medium was removed and replaced with differen- 
tiation medium containing 10% FBS, antibiotic-antimycotic 
mixed stock solution, and osteogenic supplements: 10 mM 
P-glycerophosphate (Wako Pure Chemical Industries, Osaka, 
Japan), ascorbic acid (Nacalai Tesque Inc.), and 10 nM dexa- 
methasone (Nacalai Tesque Inc.). This differentiation medium 
was changed every 3 days. 

Cell adhesion 

Rat BMMSCs were seeded on the specimens at a density of 
4x10* cells/cm^ and allowed to attach for 30 minutes, 1 hour, 
and 3 hours. At each prescribed time, the nonadherent cells 
were removed by rinsing with phosphate-buffered saline 
(PBS). Cells were fixed and stained with 4',6-diamidino-2- 
phenylindole (DAPI). The cell numbers in five random fields 
were counted under an all-in-one fluorescence microscope 
(BZ-9000; Keyence, Tokyo, Japan) and processed using BZII 
analysis software (Keyence). 

Cell proliferation assay 

Cell proliferation was measured using the CellTiter-Blue® Cell 
Viability Assay (Promega Corporation, Madison, WI, USA) 
according to the manufacturer's protocol. Rat BMMSCs were 
seeded on the specimens at a density of 4 x 10" cells/cm^ and 
allowed to attach for 1 , 3 , and 7 days. At each prescribed time, 
nonadherent cells were removed by rinsing with PBS, and then 
50 jiL CellTiter-Blue® Reagent and 250 jiL PBS were added 
to each well. After 1 hour incubation at 37°C, the solution 
was removed from the 24-well tissue culture plates (Falcon), 
and 100 |J,L was added to a new 96-well tissue culture plate 
(Falcon). Fluorescence was recorded at 560/590 nm, using 
a 96-well microplate reader (SpectraMax M5; Molecular 
Devices LLC, Suimyvale, CA, USA). The difference in the two 
optical densities was defined as the proliferation value. 

Cell morphology 

Rat BMMSCs were seeded on specimens at a density of 
4x10" cells/cm^. After 30 minutes, 1 hour, 3 hours, and 3 days 
of incubation, the specimens with attached cells were washed 



with PBS, fixed in 4% glutaraldehyde, and dehydrated in a 
graded ethanol series. The samples were dried in a critical 
point dryer (HCP- 1 ; Hitachi). A 1 0 nM thick gold-palladium 
layer was deposited on the samples by ion sputtering (E-1030; 
Hitachi). The morphology of the cells attached to the specimen 
surface was visualized by SEM (S-4800; Hitachi). 

Alkaline phosphatase staining and activity 

Rat BMMSCs were seeded on each specimen at a density 
of 4 X 10" cells/cm^. After culturing for 1 and 2 weeks, 
the cells were washed and fixed, and alkaline phosphatase 
(ALP) staining was performed with the 5-bromo-4-chloro- 
3'-indolyphosphate/nitro-blue tetrazolium (BCIP/NBT) 
alkaline phosphatase color development substrate (Promega 
Corporation) for 15 minutes. For every 5 mL alkaline phos- 
phatase buffer (100 mM Tris-HCl at pH 9.0, 150 mM NaCl, 
1 mM MgCy, we added 33 |iL NBT and 16.5 |iL BCIP We 
added the NBT first, mixed the solution, added the BCIP, and 
mixed again. ALP activity of rat BMMSCs was examined at 
1 and 2 weeks, using the Amplite"'"'^ Luminometric Alkaline 
Phosphatase enzyme-linked immunosorbent assay (ELISA) 
kit (Sigma- Aldrich, St Louis, MO, USA). Nonadherent cells 
were removed by rinsing with PBS and rat BMMSCs lysed 
with 200 |iL 0.2% Triton X-100 (Sigma- Aldrich), and the 
lysate was transferred to a microcentrifuge tube containing 
a 5 mm hardened steel ball. Tubes were agitated on a shaker 
(Mixer Mill type MM 301; Retsh, Haan, Germany) at 29 Hz 
for 20 seconds to homogenize the sample. The reaction was 
terminated with aqueous NaOH solutions from 3 to 0.5 M. 
ALP activity was evaluated as the amount of /)-nitrophenol 
released through the enzymatic reaction and measured at 
405 nm, using a 96-well microplate reader (SpecttaMax M5; 
Molecular Devices, LLC). 

Extracellular matrix mineralization 

Extracellular matrix (ECM) mineralization by rat BMMSCs 
was evaluated by Alizarin Red staining.^^ After culturing for 

3 and 4 weeks, the cells were washed three times with PBS, 
fixed in cold 70% ethanol for 20 minutes, and washed with 
ultrapure water for 3 minutes. The cell cultures were stained 
with Alizarin Red for 10 minutes at room temperature. Cell 
monolayers were washed with distilled water until no more 
color appeared, and images were acquired. Calcium deposited 
in the ECM was measured after dissolution with 10% formic 
acid. The amount of calcium was quantified using a Calcium 
E-test Kit (Wako Pure Chemical Industries, Ltd). After 3 and 

4 weeks of culture, 1 mL calcium emission test reagent and 
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2 mL kit buffer were added to 50 |J,L of collected medium, 
and the absorbance of the reaction products was measured at 
6 10 run using a 96-well microplate reader (SpectraMax M5). 
The concentration of calcium ions was calculated fi-om the 
absorbance value relative to a standard curve. 

Osteocalcin ELISA 

The sandwich enzyme immunoassay used in this study was 
specific for rat osteocalcin and measured its levels directly in 
cell culture supernatant after 3 and 4 weeks of culture, using 
a commercially available ELISA (Rat Osteocalcin ELISA 
Kit DS; DS Pharma Biomedical Co, Ltd, Osaka, Japan), 
according to the manufacturer's instructions. 

Osteogenesis-related gene expression 

Expression of osteogenesis-related genes was evaluated 
using the real-time TaqMan RT PGR assay (Life Technolo- 
gies, Carlsbad, CA, USA). Rat BMMSCs were seeded with 
4 X 1 0"* cells/cm^ and cultured for 3 and 7 days. Total RNA 
was isolated using the RNeasy® Mini Kit (Qiagen, Venlo, the 
Netherlands). Ten microliters of RNA from each sample were 
reversed transcribed into cDNA, using the PrimeScript™ 
RT Reagent Kit (TaKaRa, Shiga, Japan). Expression of 
osteogenesis-related genes including bone sialoprotein 
(BSP), osteonectin (ON), runt-related transcription factor 2 
{RUNX2), and collagen type 1 (COL-l) was quantified using 
the StepOne™ Plus Real-Time PCR System (Life Technolo- 
gies). In a MicroAmp® Fast Optical 96-well Reaction Plate 
(0. 1 mL well volume; Life Technologies), 5 |J,L TaqMan* Fast 
Universal PCR Master Mix, 1 )J,L of the primer probe set (20x 
Taqman Gene Expression Assays: applera ordering number: 
Rss330360-mlGadphs, Rss3515I5-mIIbasp, Rss302733- 
Sparc, Rss339I98-mlrunx2, Rss354847-mIcollaI), 1 |lL 
sample cDNA, and 3 |J,L DEPG water (Nippongene) were 
added to each well. The plate was subjected to 40 reaction 
cycles of 95°G for I second and 60°G for 20 seconds. The 
reactive gene expression rate was calculated using the AACt 
method^'' in each group, assuming the gene expression rate 
of the negative control group. 

Statistical analysis 

The data were analyzed using SPSS 19.0 software (IBM 
Corporation, Armonk, NY, USA). One-way analysis of 
variance followed by a Student-Newman-Keuls post hoc test 
was used to determine the level of significance. A value of 
P<0.05 was considered to be significant, and P<0.01 was 
considered to be highly significant. 



Results 

Surface properties of specimens 

Figure 1 shows the surface views of the control and experi- 
mental group specimens (2.5, 5.0, 7.5, 10.0, and 12.5 M 
NaOH). Similar porous network structures were formed by the 
alkali treatment. The high-magnification SEM images show 
details of the TNS self-organization into a porous network 
structure. The dimension of the porous network structures 
became smaller from 2.5 to 10.0 M NaOH. However, the 
porous network structures were nonhomogeneous with 12.5 
M NaOH. AFM also showed a similar appearance (Figure 1 
a3-f3), with uniform roughness (Ra, average roughness; Rz, 
maximum height) (Table 1). 

The contact angles of the control and experimental 
group specimens (2.5, 5.0, 7.5, 10.0, and 12.5 M NaOH) 
are shown in Figure 2. The alkali-treated specimens 
exhibited superhydrophilicity compared with the control 
specimens. In addition, the contact angles of the alkali- 
treated specimens gradually diminished from 40° to 6° 
with increasing alkali concentrations, with the exception 
of 12.5 M NaOH. 

Protein adsorption 

The amount of protein adsorbed on the surface from bovine 
serum albumin after 1, 3, 6, and 24 hours incubation was 
assayed (Figure 3). More protein was adsorbed onto the 
alkali-treated specimens than the control specimens, which 
increased with the alkali concentrations, with the exception 
of 12.5 M NaOH. 

Cell adhesion 

Cell adhesion on the specimens during the first 3 hours of 
incubation is shown in Figure 4. At each interval, the numbers 
of adherent cells on alkali-treated specimens were higher than 
on the control specimens. The cell numbers on alkali-treated 
specimens clearly increased with alkali concentration after 
incubation for 30 minutes, 1 hour, and 3 hours. However, cell 
adhesion on the specimens treated with 12.5 M NaOH was 
lower than that on the surfaces treated with 10.0 M NaOH. 

Cell proliferation 

Cell proliferation on the specimens during the first 3 days of 
incubation was assessed (Figure 5). There were significant 
differences between alkali-treated and control specimens at 
1,3, and 7 days. In addition, the highest prohferation at each 
time point was at a concentration of 10.0 M NaOH. 
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Figure I Scanning electron micrographs after treatment with various concentrations of NaOH and AFM of specimen surfaces. 

Notes: 2.5, 5.0, 7.5, 1 0.0, and 1 2.5 M correspond to the concentration of NaOH. Lower magnification of x 1 0,000, showing the overall microscale topography (upper images). 
Higher magnification of x50,000, reveals the nanoscale texture (middle images). AFM of specimen surfaces, showing three-dimensional images and roughness of CON and 
experimental groups {lower images). 

Abbreviations: CON, control titanium surface; AFM, atomic force microscopy. 



Cell morphology 

The morphology of rat BMMSCs attaching to the surface 
of the specimens was observed after 30 minutes, 1 hour, 
3 hours, and 3 days of culture (Figure 6). For short time 
culture of 30 minutes, 1 hour, and 3 hours (Figure 6A-C, 
respectively), the BMMSCs showed a similar elliptical shape; 
however, the filopodia appeared noticeably different. The 
BMMSCs did not acquire any filopodia in the control group 
when cultured for 30 minutes (Figure 6A). The quantity and 
length of filopodia increased with alkali concentration. When 
the culture time was increased to 1 hour (Figure 6B) and 
3 hours (Figure 6C), the shape of the BMMSCs also changed 
to a more elongated shape. When cultured for a long time 
(3 days), the BMMSCs showed markedly different shapes 
related to specimen topography (Figure 6D). BMMSCs in the 
control group displayed a spindle shape and developed less 
distinct lamellipodia, which was indicative of undifferenti- 
ated BMMSCs. In contrast, the cells on surfaces treated with 
2.5,5.0,7.5, 10.0, and 12.5 M NaOH displayed a stellate cell 
shape with well-developed, highly spread lamellipodia. 



Table I Surfaces of various specimens formed under various 
alkali concentrations (NaOH) 





CON 


2.5 M 


S.O M 


7.5 M 


10.0 M 


12.5 M 


Ra (nm) 


4.747 


22.909 


19.424 


15.51 1 


13.01 1 


16.214 


Rz (nm) 


48.690 


250.676 


180.417 


143.054 


1 25.545 


1 62.426 



Abbreviations: CON, control; Ra, average roughness; Rz, maximum height. 



ALP staining and intracellular ALP activity 

As shown in Figure 7A and B, ALP production in the 
BMMSCs on all the substrates occurred as early as 1 week 
after incubation and increased with time. There were 
significant differences in ALP production among different 
specimens at each time. Intracellular ALP activity after 1 and 
2 weeks of culture was in accordance with the ALP staining 
results (Figure 7C), showing obvious differences in ALP 
activity among different specimens. 

ECM mineralization 

ECM mineralization was assessed by Alizarin Red staining 
(Figure 8A and B). In the control cells, there were small miner- 
alization dots (Figure 8A and B). However, 2.5, 5.0, 7.5, 10.0, 
and 12.5 M NaOH induced abundant mineralization nodules 
that were larger than those in the control group. In addition, 
the mineralization dots differed in appearance according to 
the concentration of NaOH (Figure 8-1 ). Calcium deposition 
demonstrated that the ECM mineralization levels in surfaces 
treated with 2.5, 5.0, 7.5, 10.0, and 12.5 M NaOH were sig- 
nificantly higher than in the control group (Figure 8C). 

Osteocalcin production 

The presence of osteocalcin in the supernatant of specimens 
after 3 and 4 weeks' culture is shown in Figure 9. 
Osteocalcin production differed significantly between the 
control and experimental specimens and increased with 
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10.0 M 
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2.5 M 5.0 M 7.5 M 10.0 M 12.5 M 



Figure 2 Contact angle measurements of ultrapure water droplets pipetted on specimens. (A) Optical images. (B) Quantitative degree results. 

Notes: 2.5, 5.0, 7.5, 10.0, and 12.5 M correspond to the concentration of NaOH. Statistical significance: a, P<O.OI vs 2.5 M; b, P<O.OI vs 5.0 M; c, P<O.OI vs 7.5 M; 
d, P<O.OI vs 10.0 M; e, P<O.OI vs 12.5 M. 
Abbreviation: CON, control titanium surface. 
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Figure 3 Assay of protein adsorption to different specimens after 1 , 3, 6, and 24 hours incubation in bovine serum albumin. 

Notes: 2.5. 5.0, 7.5. 10.0, and 12.5 M correspond to the concentration of NaOH. Statistical significance: a, P<0.01 vs CON; b. P<O.OI vs 2.5 M; c, P<O.OI vs 5.0 M; 
d, P<O.OI vs 7.5 M; e, P<O.OI vs 12.5 M. 
Abbreviation: CON, control titanium surface. 
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CON 2.5 M 5.0 M 7.5 M 10.0 M 12.5 M 

Figure 4 Initial number of adherent BMMSCs, measured by counting cells stained with DAPI under a fluorescence microscope after 30 minutes, I hour, and 3 hours 
incubation. (A) Fluorescence images of cells attached after 3 hours incubation. (B) Quantitative results of initial number of adherent BMMSCs. 

Notes: 2.5, 5.0, 7.5, 10.0, and 12.5 M correspond to the concentration of NaOH. Statistical significance: a, P<O.OI vs CON; b, P<O.OI vs 2.5 M; c, P<O.OI vs 5.0 M; 
d, P<0.0 1 vs 7.5 M; e, P<0.0 1 vs 1 2.5 M. 

Abbreviations: CON, control titanium surface; BMMSCs, bone marrow mesenchymal stem cells; DAPI, 4',6-diamidino-2-phenylindole. 



1 day 3 days 




Figure 5 Cell proliferation on samples after I, 3, and 7 days of incubation, measured by the CellTiter-Blue® Cell Viability Assay. 

Notes: 2.5, 5.0, 7.5, 10.0, and 12.5 M correspond to the concentration of NaOH. Statistical significance: a, P<O.OI vs CON; b, P<0.0l vs 2.5 M; c, P<O.OI vs 5.0 M; 
d, P<0.0 1 vs 7.5 M; e, P<0.0 1 vs I 2.5 M. CellTiter-Blue® Cell Viability Assay (Promega Corporation, Madison, Wl, USA). 
Abbreviation: CON, control titanium surface. 
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Figure 6 Scanning electron micrographs of cells after 30 minutes (A), I hour (B), 3 hours (C), and 3 days (D) culture. 

Notes: 2.5, 5.0, 7.5, 1 0.0, and 1 2.5 M correspond to the concentration of NaOH. Pictures at lower magnification (x5,000) show the morphology of single cells. Pictures at 
higher magnification (x20,000) show the detailed interaction of the cell with the nanostructure. 
Abbreviations: CON, control titanium surface; BMMSCs, bone marrow mesenchymal stem cells. 
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Figure 7 All<aline phosphatase staining of mesenchymal stem cells after I week (A) and 2 weeks (B) culture. Alkaline phosphatase activity of mesenchymal stem cells on 
different samples cultured for I and 2 weeks (C). 

Notes: 2.5, 5.0, 7.5, 10.0, and 12.5 M correspond to the concentration of NaOH. Statistical significance: a, P<O.OI vs CON; b, P<O.OI vs 2.5 M; c, P<O.Oi vs 5.0 M; 
d, P<0.0 1 vs 75 M; e, P<0.0 1 vs 1 2.5 M. 

Abbreviations: CON, control titanium surface; ALP, alkaline phosphatase. 
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Figure 8 Extracellular matrix mineralization on different samples after 3 weeks (A) and 4 weeks (B) culture of mesenchymal stem cells. (C) Quantitative results of calcium 
deposition. 

Notes: 2.5, 5.0, 7.5, 10.0, and 12.5 M correspond to the concentration of NaOH. Statistical significance: a, P<0.05 vs CON: b, P<0.05 vs 2.5 M: c, P<0.05 vs 5.0 M: 
d, P<0.05 vs 7.5 M: e, P<0.05 vs 12.5 M. 
Abbreviation: CON, control titanium surface. 
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Figure 9 OCN production after 3 and 4 weel<s of culture, as measured by sandwich enzyme immunoassay. 

Notes: 2.5, 5.0, 7.5, 10.0, and 12.5 1^ correspond to tiie concentration of NaOH. Statistical significance: a, P<O.OI vs CON; b, P<O.OI vs 2.5 M; c, P<O.OI vs 5.0 M; 
d, P<0.0 1 vs 7.5 M; e, P<0.0 1 vs 1 2.5 M. 

Abbreviations: CON, control titanium surface: OCN, osteocalcin. 



NaOH concentration from 2.5- 1 0.0 M. In addition, osteocalcin 
production increased with culture time. 

Gene expression 

The expression levels of osteogenesis-related genes, 
including BSP, ON, RUNX2, and COL-1, were assessed by 
quantitative RT-PCR (Figure 10). The similar topographies 
explored in this study induced different gene expression 
levels at 3 and 7 days. In general, alkali-treated specimens 



induced higher mRNA levels than the controls. The NaOH 
concentration of 10.0 M induced the highest mRNA levels 
for all the osteogenesis-related genes. 

Discussion 

In this study, titanium was treated with various concentra- 
tions of NaOH at room temperature and atmospheric pres- 
sure for 24 hours to obtain the nanonetwork structures with 
TNS nanofeatures (as revealed by SEM and AFM) in the 
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Figure 10 Gene expression in primary osteoblasts cultured on titanium surfaces after incubation for 3 and 7 days: (A) BSP, (B) ON, (C) RUNX2, and (D) COL-I. Data were 
generated by real-time polymerase chain reaction and are shown as mean ± standard deviation expression relative to GADPH. 

Notes: 2.5, 5.0, 7.5, 10.0, and 12.5 M correspond to the concentration of NaOH. Statistical significance: a, P<0.0l vs CON; b, P<0.0l vs 2.5 M; c, P<O.OI vs 5.0 M; 
d, P<0.0 1 vs 7.5 M; e, P<0.0 1 vs 1 2.5 M. 

Abbreviations: CON, control titanium surface; OCN, osteocalcin; BSP, bone sialoprotein; ON, osteonectin; RUNX2, runt-related transcription factor 2; COL-I, collagen 
type I; GADPH, glyceraldehyde-3-phosphate dehydrogenase; mRNA, messenger ribonucleic acid. 



International Journal of Nanonnedicine 2014:9 



submit your manuscript | www.dovepi ess.com 

Dovepress 



1751 



Xing et al 



Doveoress 



absence or presence of different nanoscale roughness and 
different sizes of porous network structures The nanonet- 
work structures with TNS nanofeatures affected wettabihty 
(as revealed by water contact angle measurements) and pro- 
tein adsorption. Moreover, BMMSCs behavior was sensitive 
to the modified surfaces. 

Our results demonstrate that the experimental group 
became more hydrophilic and exhibited markedly 
improved wettability. A better understanding of the surface 
roughness and topography of modified titanium surfaces is 
a basic requirement for the discussion of wettability.''' Ra 
and Rz are widespread and are often solely used as height 
parameters to describe implant surface roughness." The 
Ra and Rz of the experimental specimens became smaller 
from 2.5-10.0 M NaOH but increased with 12.5 M NaOH 
(Table 1). With a similar tendency, the contact angles of the 
alkali-treated specimens gradually diminished from 40° to 6° 
with increasing alkali concentration but increased up to 35° 
in the 12.5 M NaOH group (Figure 2B), which suggested that 
the wettability on the surface of the experimental specimens 
declined from 2.5-10.0 M but increased from 10.0-12.5 M 
NaOH. The high-magnification SEM images (Figure 1) also 
showed that similar homogeneous porous network struc- 
tures were distributed in each experimental group and that 
the size of the structures decreased with increasing alkali 
concentration. However, the homogeneous porous network 
structures were not well distributed in the 12.5 M NaOH 
group. This agrees with previous studies, which showed that 
the liquid sank into the porous TiO^ matrix and the degree 
of contact angle decreased.'^ For reliable surface charac- 
terization, parameters describing surface variation in the 
spatial direction are also needed.^'' Thus, three-dimensional 
assessment of surface topography is becoming more widely 
appreciated. AFM three-dimensional images (Figure 2) 
showed that the nanoscale agglomerates were large when 
the NaOH concentration was low.^' In addition, a concentra- 
tion of 12.5 M NaOH was too high to obtain homogeneous 
nanoscale agglomerates (Figure 1). 

The adsorption of ECM adhesive proteins onto 
implanted materials is the first essential step in bone tissue 
response and affects cell adhesion and proliferation." The 
nanoscale surface roughness itself is considered a key fac- 
tor for enhancing bovine fibronectin adsorption and may 
induce conformational change of fibronectin on nanoscale 
titanium surfaces."' Our work is in agreement with recent 
studies suggesting that different nanoscale surface rough- 
ness shows a different level of adhesive protein adsorption 
(Figure 3). 



BMMSCs were used to model osteoinduction and 
osteoblastic differentiation in cell cultures performed on 
different titanium substrates. Adhesion and osteoblastic dif- 
ferentiation under culture conditions, including osteogenic 
supplements, occurred to a varying degree on the different 
surfaces.^' Initial cell adhesion is the key step in the ensu- 
ing cell proliferation and differentiation on biomaterials." 
As shown in Figure 4, different concentrations of NaOH 
induced obvious differences in the initial number of adher- 
ent cells. After 30 minutes, 1 hour and 3 hours, the greatest 
number of adherent cells was seen in the specimens treated 
with 10.0 M NaOH. It has been proposed that filopodia play 
a role in cell recognition of the nanoscale topography because 
they protrude from the foremost part of the cell. The role of 
filopodia in sensing nanoscale topography was recently dem- 
onstrated on the 1 1 nm high islands. Our results provide 
additional evidence of this phenomenon. For cells with a 
surface roughness of 13 nm on surfaces treated with 10.0 M 
NaOH, SEM images revealed that cells had more filopodia 
after a short time of culture (Figure 6A-C). They formed 
more lamellipodia and were wider and thicker after a long 
period of culture (Figure 6D). 

Three stages can be distinguished in osteogenic differ- 
entiation: proliferation, matrix development/maturation, and 
mineralization.'"' The proliferative activity of BMMSCs was 
determined by quantification of cell proliferation (Figure 
5), which showed a similar tendency at different times, with 
the highest level among the 10.0 M NaOH specimens. The 
transition from proliferation stage to matrix maturation stage 
was suggested by the upregulation of genes associated with 
development and maturation, as well as ALP activity. Four 
osteogenic markers, BSP, ON, RUNX2, and COL-1, were 
selected to analyze differentiation activities. BSP expres- 
sion is one indicator of the onset of terminal osteoblastic 
differentiation.^ Osteonectin, also known as secreted protein 
acidic and rich in cysteine, is a glycoprotein abundantly 
expressed in bone undergoing active remodeling.'" RUNX2 
is an important transcription factor necessary for osteoblast 
differentiation and is expressed in the early stages of osteo- 
genic differentiation.''^ COL-1 accounts for 90% of the total 
protein in the organic matrix of bone. It not only provides 
the structural framework with viscoelastic properties but 
also defines compartments for ordered mineral deposition.'" 
The real-time PCR results showed that expression of nearly 
all the genes was upregulated after alkali treatment and 
differed significantly with concentration, with the highest 
expression being in the 10.0 M NaOH specimens (Figure 10). 
ALP activity variation provides evidence that bone cell 
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differentiation is also affected by nanotopography (Figure 7). 
Variation in ALP activity was observed after the proliferation 
period and generally followed adhesion-related cell behavior. 
The conclusion was that ALP activity was highest on the 
10.0 M NaOH specimen surfaces. ALP activity is regarded 
as a relatively early-stage bone cell phenotype. ALP activ- 
ity in BMMSCs was detected after a relatively short culture 
period (1-2 weeks), followed by the later-stage (3-4 weeks) 
expression of other bone cell phenotypic markers such as 
osteocalcin. Osteocalcin is a marker of late-stage osteogenic 
differentiation, and peak expression was seen in the 10.0 M 
NaOH specimens (Figure 9). Mineralization of BMMSCs as 
measured by Alizarin Red staining (Figure 8A and B), and 
calcium deposition (Figure 8C) also reached a maximum on 
the 10.0 M NaOH specimen surfaces. Calcium accumula- 
tion starts at the matrix development stage and reaches its 
maximum during mineralization."'^ 

In this study, the modeled process of osseointegration 
could be differentiated as a function of surface topography at 
the nanoscale level. This study indicates that treatment with 
alkali results in the nanonetwork structures on the titanium 
surface, which influence BMMSCs osteogenic differentiation. 
The topography of the porous network structure reported here 
may provide insight into future development of titanium 
implants. Addition of the nanonetwork structures to the tita- 
nium surface can promote cell functions, and alkali treatment 
enhancement of cell adhesion, proliferation, intracellular 
total protein synthesis, and ALP activity may lead to faster 
bone maturation around the implant, probably inducing bet- 
ter osseointegration. Moreover, the later-stage (3^ weeks) 
expression of MSCs and osteocalcin also increased after 
alkali treatment. A NaOH concentration of 10.0 M provided 
the most favorable environment for osteogenic differentiation 
of BMMSCs. This indicates that bone cell differentiation was 
largely controlled by the nanoscale microenvironment. The 
results presented here are consistent with our hypothesis that 
modified nanonetwork structure surface topography, with dif- 
ferent alkaline concentrations, affects the osteogenic differen- 
tiation of rat BMMSCs, which gives them different nanoscale 
surface topography and surface roughness and wettability. 
Several studies have also shown that hydrophilic surfaces are 
necessary for biomaterial tissue integration.'^ Other recent 
studies have shown that the size and characteristics of the 
features may be more important than the effects of chemical 
composition alone. '^ Therefore, nanoscale features play an 
important role in osteogenic differentiation. 

Some researchers showed that using an H^O^ process, fab- 
ricated two size-controllable sawtooth-like nanostructures with 



different dimensions on a titanium surface. The proliferation 
and osteogenic differentiation abilities of rat BMMSCs were 
different when cultured on surfaces with different dimensions 
of nano sawtooth structure.^" As shown in the SEM images, 
the dimensions of the nanonetwork were changed among 
experiment groups. In another study, samples called subnano, 
nano-, and submicron, with an average nanoscale surface 
Ra of 0.645, 3.85, and 13.37 nm, respectively, also showed 
the effects of Ra on cell behavior The critical transcription 
factor genes regulating osteoblast differentiation (RUNX2, 
Osterix, and Dlx5) and osteoblast phenotype genes (COL, 
BSP, osteopontin, and osteocalcin) were notably increased in 
cells grown on nano-submicron surfaces compared with those 
grown on subnanoscale and nano-titanium surfaces. Early cel- 
lular adhesion and proliferation were significantly higher in 
the nano and nano-submicron hybrid surfaces compared with 
the subnanoscale surface. The expression levels of osteoblast 
phenotype genes (osteonectin, osteopontin, and osteocalcin) 
increased in cells grown on nano-submicron hybrid surface 
features compared with those grown on subnanoscale and 
nano-titanium surfaces at 21 days of cell differentiation."' 

Conclusion 

Using a nanonetwork topography model that mimics 
biomineralized matrices, the present study examined the 
effects of adding the nanonetwork structures with TNS 
nanofeatures to the surface of titanium. Rat BMMSCs 
were cultured on untreated titanium disks and on those 
treated with 2.5, 5.0, 7.5, 10.0, and 12.5 M NaOH. The 
nanonetwork structures with TNS nanofeatures induced 
by alkali etching markedly enhanced BMMSCs' functions 
of cell adhesion and osteogenesis-related gene expression, 
and other cell behaviors such as proliferation, ALP activ- 
ity, and ECM deposition and mineralizations were also 
significantly improved. These effects were most pronounced 
when the concentration of NaOH was 10.0 M. Our results 
show that nanonetwork structures with TNS nanofeature 
can support BMMSC proliferation and induce osteogenic 
differentiation. In particular, results obtained with 10.0 M 
NaOH suggest great potential in improving the clinical 
performance of bone implants. 
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